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Final Technical Report
Positron Plasmas in the Laboratory

Office of Naval Research Award N00014-97-1-0366
(January 1, 1997 to December 31, 2001)

Clifford M. Surko
Department of Physics
University of California, San Diego
La Jolla, CA 92093-0319

Overview. This grant supported work to develop efficient methods to accumulate low-
energy positrons and to use the resulting positron plasmas for a range of scientific and
technological applications. The principal investigator and his collaborators developed an
efficient method to accumulate and store low energy positrons. During this grant, these
techniques for trapping and manipulating positrons were refined and expanded. A new
generation of positron accumulator was designed and built. It functlons up to
specifications, confining 3 x 10° positrons at densities > 107 cm®. A new technique had
recently been developed to create cold positron beams with these plasmas. This beam
was used during the grant for studies of the instability created when a cold electron beam
is passed through a positron plasma. This cold beam was also used for a wide range of
novel positron scattering and annihilation experiments to study the interaction of low-
energy positrons with atoms and molecules. A new high-field, cryogenic positron storage
trap has been constructed and is now being tested with electrons. Other accomplishments
include the development of a rotating electric field technique to radially compress
positron plasmas. This technique was, in turn, enabled by the development of a new
method to cool the positrons using a polyatomic buffer gas. This cooling technique also
provides new capabilities for the creation of cold positron beams.

References to the work described below are indicated at the end of the corresponding
paragraph. These references are listed (in chronological order) at the end of this report.
The papers cited were either published or accepted for publication during the grant
period.

New positron accumulator. Most of the design of the second-generation of positron
accumulator described above was in place at the beginning of this grant. The design was
completed, the apparatus built, and the accumulator was brought into operation during the
grant period. The design was optimized to create a more compact and rugged device,
with the capability of achieving rapid, UHV operation (i.e., within ~ 10 s) following
positron accumulation using a buffer gas. Plasmas of 3 x 10® positrons can be
accumulated in a few minutes in this device, with plasma densities > 10’ cm™ and
improved radial profiles (i.e., ~ 0.7 cm, FWHM). The design of this device has been
adapted for the positron source in an experiment at CERN in Geneva to form and trap
cold antihydrogen atoms. The new positron accumulator has been the workhorse for all
subsequent positron experiments conducted during the grant period. [1, 3, 9; 15, 23, 25]



Cold beam experiments. Immediately preceding this grant, we developed a new method
to create cold positron and electron beams by carefully extracting the particles from a
Malmberg-Penning trap. During the grant period we exploited this technique for a range
of new experiments. We had previously studied the electron-beam positron-plasma
instability. The new cold-beam formation technique allowed us to create much colder
electron beams (i.e., as compared with those produced using conventional electron guns).
Using this technique, we were able to study the growth rate of a transit-time instability
(observed in short positron plasmas) over the entire region of positive growth (i.e., as a
function of electron-beam energy). These results motivated a new theory of this
instability by D.H.E. Dubin that accurately models the geometry of the experiment.
Good, quantitative agreement between theory and experiment was achieved. The
theoretical and experimental results were published last year in a paper in Physics of
Plasmas [17]. While a multitude of theoretical papers have studied electron-positron
plasmas (largely in the context of astrophysical plasmas), our work represents the first
experiment on the electron-positron plasma system. [4, 6, 17, 24]

The cold positron beam also enabled many new positron atomic-physics experiments. A
number of important results were obtained during the grant period. We invented a
method to do positron scattering experiments that is specifically designed for use with a
magnetized positron beam (i.e., in contrast to conventional atomic physics scattering
experiments using electrostatic beams). We made the first studies of the excitation of
vibrational modes in molecules by positrons (CF,, CO,, CO, CH, and H,). We were able
to make quantitative comparison with theory in a number of cases. We also made the
first state-resolved measurements of the electronic excitation of atoms and molecules (Ar
N,, and H,) using positrons. In this case also, quantitative comparison was made with a
number of theoretical predictions. In the case of H,, we were able to distinguish between
two competing theories. In the case of Ar, we were able to test whether positron impact
can result in a spin flip in the target atom -- the answer is no in argon. A range of other
scattering experiments were conducted, including total scattering cross section
measurements and a search for electronic resonances. At the end of the grant period,
work focused on developing techniques to go to very low values of positron energy, e.g.,
<100 meV. [2,5,7,8, 11, 12, 14, 18- 22, 26]

2

Rotating-wall compression of positron plasmas and polyatomic buffer-gas cooling.
In collaboration with R. G. Greaves, First Point Scientific, Inc. [FPSI], Agoura Hills CA,
we developed a method to radially compress positron plasmas by the application of a
rotating electric field. While this technique had been used previously for ion and electron
plasmas, ours was the first experiment to compress positron plasmas. A new operating
regime was discovered in which plasmas could be compressed by the application of a
rotating electric field much faster than in previous experiments. The success of the
experiment hinged on the development of a rapid method of rapid positron cooling using
a suitably chosen polyatomic gas. This avoids the use of cyclotron cooling, which
requires a high magnetic field and is, in many cases, a distinct disadvantage. The
polyatomic gas cooling was also used to improve the duty cycle of the cold posnron
beam for atomic physws experiments. [13, 16]



Cryogenic, high magnetic field storage trap. During the grant period we designed and
constructed a Penning-Malmberg positron trap that will operate in a 5 tesla magnetic field
with electrodes cooled to 10 kelvin. This device, when fed with the high-efficiency
buffer-gas positron accumulator, will make a nearly ideal source of cold, high-density
positron plasmas. This device is designed to accumulate and store ultra-dense, cold
positron plasmas (positron accumulation rates > 10'%h; densities n = 10'° cm?, and
plasma temperatures ~10K). The magnet and vacuum system work flawlessly. The
immediate task is bringing on line a number of subsystems. The electrical circuit for the
rotating wall electrodes have been constructed and tested. A new computer system and a
new hardware interface for the electrodes is in progress. The electrodes have been cooled
to < 80 K, and a thermal link is now being improved to achieve the design specification
of 10K. Testing the trap with electrons has begun. We are now designing the beam tube
to connect this trap to the high-efficiency buffer-gas positron accumulator. Also in the
design stage is a set of electrodes to “stuff” the positrons into the high magnetic field
region. First operation of the new trap on positrons is anticipated in summer, 2002. This
new cryogenic trap offers the possibility of being able to produce a new generation much
colder positron beams (e.g., ~ 1 meV, FWHM), using the technique described above. [9]

Applications of positron beams. We continue a successful collaboration with R. G.
Greaves (FPSI) on problems of mutual interest, improving positron trapping and positron
beam technology. Specific problems include creating brighter positron beams using the
rotating wall technique, creating electrostatic positron beams from trapped plasmas,
creating giant pulses of positrons, and understanding molecular fragmentation occurring
as a result of positron annihilation and positronium formation. [10, 24]

Training of scientific personnel. The grant provided partial support for the training of
four graduate student researchers, five postdoctoral researchers, and an assistant
researcher.

Publications. There were 26 publications during the grant period citing ONR support,
which are listed below, including five Physical Review Letters, one Applied Physics
Letter, one invited review article, and one book chapter.
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